One sentence summary: This study presents several new short-subunit repeat (SSR) markers in Fusarium species and surveys occurrence of SSRs in multiple Fusarium species. Editor: David Studholme
INTRODUCTION
The genus Fusarium comprises a number of species, causing diseases in several agriculturally important crops, including cereals, pulses, vegetables, fruits, etc. and the most important species are F. graminearum (Fg), F. verticillioides (Fv), F. oxysporum (Fo) and F. solani (Fs) . Fusarium graminearum causes head blight complex in cereals, a disease of global concern in wheat and barley. Fusarium verticillioides is a pathogen of maize and is capable of causing disease of ears, stalks and seedlings worldwide (Munkvold and Desjardins 1997) . The most common species, F. oxysporum, causes vascular wilt disease in a wide variety of economically important crops (Beckman 1987) . Fusarium solani, is a member of a monophyletic clade that includes over 50 phylogenetic species known as the 'Fusarium solani species complex ' (O'Donnell 2000) . As pathogens, members of this complex are responsible for causing disease on around 100 genera of plants (Farr et al. 1989) , and they represent one of the most important group of pathogens associated with opportunistic fungal infections and keratitis in humans .
To understand the molecular underpinnings of pathogenicity in the genus Fusarium, their genomes have been sequenced and submitted in public databases. The sequence data generated from the sequencing projects of these fungal species can be mined for the presence of microsatellite or simple sequence repeats (SSRs) in both coding (Garnica et al. 2006; Mahfooz et al. 2012 ) and non-coding (Li et al. 2004; Lim et al. 2004; Lawson and Zhang 2006) portions of the genome. These SSRs are useful as a marker for a variety of applications because of their reproducibility, multiallelic nature, codominant inheritance, relative abundance and good genome coverage (Tautz 1989; Powell et al. 1996) . The SSRs derived from transcribed sequences are often more useful because their development is inexpensive, they represent transcribed genes and a putative function can often be deduced by a homology search. Because they are derived from transcripts, they are useful for assaying the functional diversity in natural populations (Varshney, Graner and Sorrells 2005; Datta et al. 2010) . Apart from their application as molecular markers, determining the abundance and density of SSRs may help to understand whether these sequences have any functional and evolutionary significance. The transcript sequences of different Fusarium species are freely available; however, any formal analyses of SSRs in these sequences are yet to be reported.
In the present investigation, an in silico approach has been used to access the frequency and distribution of SSRs in transcript sequences of the Ascomycetes Fg, Fv, Fo and Fv. After retrieving the SSRs from transcribed sequences, we analyzed sharing of all SSR motifs and also investigated the uniqueness of SSRs motifs within all four species. In addition to this, primers were designed from two species and validated for polymorphism.
MATERIALS AND METHODS

Source of transcripts and SSR mining
The annotated transcript sequences of Fg, Fv and Fo were downloaded from the 'Fusarium Comparative Sequencing Project, Broad Institute of Harvard and MIT (http://broadinstitute.org)', whereas un-annotated transcript sequences of Fs were downloaded from the Department of Energy's Joint Genome Project (http://genome.jgi-psf.org/Necha2). The transcript sequences were obtained in the Fasta format. None of the sequences containing ESTs or cDNA was used in the analysis. The identification of microsatellites was carried out using online software WebSat (Martins et al. 2009 ). The software searches both perfect and compound SSRs. Only loci with a total length of at least 12 bases were counted as SSRs (i.e. a dinucleotide motif would have to occur at least six times, a trinucleotide motif at least four times, a tetranucleotide motif at least three times and three occurrence of penta and hexanucleotide motifs). All SSRs were analyzed for their frequency of occurrence, density and relative abundance. Density was calculated by dividing the number of base pairs contributed by each SSR by total length analyzed (Mb). Relative abundance was calculated as number of SSRs per Mb of sequence.
Sharing of repeats within the transcripts was analyzed manually in Microsoft Excel workbook, 2007. We placed all the motifs identified in transcript sequences of one species in Microsoft Excel and looked for its counterpart in the transcripts of remaining species. If the motif was present in all the transcript sequences, it was deemed as common. Similarly, the motifs shared between two and three transcript sequences were also analyzed. The motif which does not have any match was considered as unique. Primers complementary to the flanking regions of microsatellites were designed using the program PRIMER 3 online software (frodo.wi.mit.edu/). Primers were 15-30 bp in length, with calculated annealing temperatures of 54-65
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DNA isolation and SSR amplification
A total genomic DNA from 24 Fusarium isolates was extracted using the CTAB method (Abdelnoor, Barros and Moreira 1995) 
Statistical analysis
The amplification data generated by SSR primers was analyzed using SIMQUAL (Nei and Li 1979) to generate a Jaccard's similarity coefficient (Jaccard 1908 ) using NTSYS-PC, software version 2.1 (Rohlf 1998) . These similarity coefficients were used to construct a dendrogram depicting genetic relationships among the isolates by employing the Unweighted Paired Group Method of Arithmetic Averages algorithm and SAHN clustering. The allelic diversity or polymorphism information content (PIC) was measured as described by Botstein et al. (1980) . PIC is defined as the probability that two randomly chosen copies of a gene will represent different alleles within a population. The PIC value was calculated with the formula as follows: 
RESULTS AND DISCUSSION
Relative abundance and relative density of SSRs
Among the transcripts analyzed, 13% of the transcripts from Fg (13 322 transcripts), 10.7% from Fv (14 188 transcripts), 9.9% from Fo (17 708 transcripts) and 15.6% from Fs (15 707 transcripts) were found to contain SSRs in the complete set of transcripts analyzed. The maximum frequency of SSRs among all four sequence sets was identified in Fs (2458) which was followed by Fo (1758), Fg (1735) and Fv (1520). In our analysis, we observed that the size covered by transcripts might influence the total SSR count. Therefore, to compare the total SSR count among all four transcripts more accurately, we have taken the total length of each set of sequences analyzed as a reference. Thus, total relative abundance and total relative density were calculated. It was found that relative abundance of SSRs in Fs (111.0) was higher than Fg (103.5), Fo (85.3) and Fv (67.1). Similar trend was also observed for relative density (Table 1 ). The differences in relative abundance and relative density could be due to different genomic organization of these species.
The higher relative abundance and relative density of SSRs in Fs are expected because of the presence of specific genes which are rare in other fungi including its closest sequenced relative (Fg) and some genes which are present as a single copy in other fungi are present as multiple copies in Fs (Coleman et al. 2009 ). Fg had the least sequences examined but harbored SSRs higher than Fv and at par with Fo. This may be attributed to the fact that Fg is the closest sequenced relative of Fs (Coleman et al. 2009 ). Although there is no direct correlation of number of SSRs with the genome size, it is generally assumed that larger genomes are expected to contain more SSRs than do the smaller genomes (Hancock 2002) . The results of our analysis revealed that large transcript sequences, as in case of Fusarium, do not always have proportionately more SSR loci, which is in agreement with the earlier findings (Karaoglu, Lee and Meyer 2005; Garnica et al. 2006) .
The total number and percentage of all classes of microsatellite motifs are depicted in Table 2 . Trinucleotide repeat motifs were found dominant and account for almost 67.8% repeats, whereas unlike other organism, dinucleotide repeats account for the lowest (0.96%). Hexanucleotide repeats constituted the second most frequent motif with an exception of Fs where relative abundance of tetranucleotide repeats was higher; however, the relative density was at par with other species. The dominance of triplets over other repeats in coding regions may be explained on the basis of the suppression of nontrimeric SSRs in coding regions, possibly caused by frameshift mutations (Metzgar, Bytof and Wills 2000) . The higher occurrence of hexanucleotide repeats along with trinulceotide repeats may be attributed to the fact that both classes of repeats may translated into amino acid, which possibly contribute to the biological function of protein (Kim et al. 2008 ). Because of their higher mutation rates, the occurrence of dinucleotide repeats is restricted to maintain the functionality of the transcripts. GA/TC is the most abundant dinucleotide SSRs identified in our analysis. Among the trinucleotide repeats, repeat AAG/CTT was the most abundant motif (∼10.0%) in Fv, Fo and Fs; however, in Fg, repeat CAG/CTG was at maximum. Similar observation was recorded while investigating the frequency and distribution of SSRs in the genome of Fg (Karaoglu, Lee and Meyer 2005) . As a result, both of these findings concluded that higher abundance of CAG repeats is the characteristic of Fg. The most common tetra-, pentaand hexanucleotide repeats varied within the species (Table 3) . Our results indicated that the length of SSRs is restricted in transcribe sequences. The longest repeat units observed were of trinucleotides, AGA repeated 48 times in Fv while AAG repeated 31 times in Fg (Table 4) . The available sequence data was used to calculate the G + C content of each fungal transcript sequences. A narrow range of %G + C values was observed, from 51.1% (Fv) to 54.2% (Fs). It was also observed that the G + C content is positively correlated with the number of SSRs (r = 0.990, P = 0.0093). Our study contradicts the earlier finding that suggested low G + C content is the best predictor of high SSR (Lim et al. 2004) . The contradiction may have emerged because they have analyzed SSRs on whole genome level, whereas we have restricted to transcribed sequences only. 
Conservation of SSR motifs within species
To study the evolutionary relationship among all four Fusarium species and to identify unique motifs, each motif was analyzed for the presence of its counterpart in the remaining species. Maximum number of motifs shared between all four transcripts were trinucleotide repeats (196, 92%) followed by di-(188, 36.8%), tetra-(188, 36%) and hexanucleotide repeats (88, 7.7%). It was interesting to note that none of the pentanucleotide motif was shared among all four transcripts (Fig. 1A) ; however, sharing took place between individual transcripts like Fo-Fs shared 18 (6.3%) and Fg-Fs shared 22 (7.5%) pentanucleotide motifs. Among all, 36.5% motifs were found conserved within all four transcripts (Fig. 1B) . These motifs probably lie within the core genome region which is generally conserved across all the four sequenced species of Fusarium (Ma et al. 2010) . Unique motifs were also observed among individual transcripts within all classes of motifs (Table S6 , Supporting Information). These unique motifs can be further utilized for the development of species-specific marker. Maximum number of unique motifs were observed in Fs (14.1%) followed by Fo (7.0%), while Fv showed the least (3.4%). The higher percentage of unique motif in Fs and Fo may be attributed to the fact that Fs has three and Fo has one lineage specific chromosomes distinct from the core genome with regard to repetitive sequences and genes related to host pathogen interaction (Coleman et al. 2009; Ma et al. 2010) . The sharing of repeats within two transcripts was also analyzed. As expected, Fg and Fs shared maximum number of motifs (5.3%), whereas the least number of sharing was observed between Fv and Fg (0.8%).
Evaluation of genic-SSR markers for polymorphism analysis
A total of 21 SSR primer pair sequences representing 11 from Fo and 10 from Fs were used for PCR amplification to study their utility in genetic diversity analysis of Fusarium isolates. Of the total primers, only 12 primers amplified fragments in all the 24 isolates of Fusarium. The remaining nine primers did not amplify even with changes in PCR conditions; therefore, these primers were not included for polymorphism studies. The remaining 12 primers amplify easily scorable bands of 130-410 base pair size range. Out of 12 primers, 11 were polymorphic whereas the remaining one was monomorphic (Table 5) . Among the markers, three amplified dinucleotide repeats, eight amplified trinucleotide repeats and one marker amplified hexanucleotide repeat. A total of 22 alleles were amplified by 12 markers with an average of 1.83 alleles per locus. Fo markers amplified 10 alleles with an average of 1.6 alleles per locus, whereas markers from Fs amplified 12 alleles with an average of 1.7 alleles per locus. The lower number of alleles obtained in our study is not very surprising because in our previous investigation we observed a similar number of alleles in markers derived from EST's of three formae speciales of Fo (Mahfooz et al. 2012) . Maximum PIC value was obtained with primer Fs283, whereas minimum PIC value was obtained with primer Fs588 among the polymorphic markers, the average being 0.4 (Table 6 ). Microsatellites generate a high level of polymorphism because of the unique mechanism responsible for generating microsatellite allelic diversity through replication slippage rather than by simple mutation (Tautz 1989) . Markers with high PIC value (Fo9 and Fs283) will be highly informative for genetic diversity studies and are extremely useful in distinguishing the polymorphism rate of the marker at specific locus (De Woody, Honeycutt and Skow 2004) . In order to quantify the level of polymorphism, Jaccard's estimate of similarity based on the probability that an amplified fragment from one isolate will also be found in another was used to generate a similarity matrix. The similarity coefficient values between isolates ranged from 0.34 to 1 with a mean of 0.68. For markers derived from Fo, the similarity coefficient values between isolates ranged from 0.2 to 1.00 with an average genetic diversity of 38%. Similarly, with Fs derived markers, the similarity coefficients between isolates ranged from 0.4 to 1.00 with 26% genetic diversity. In a previous study, Bogale et al. (2006) have estimated only 10% genetic diversity in Ethiopian isolates of Fo using SSR markers. However, our own investigation on different formae speciales of Fo reveled 37% diversity among the Indian isolates (Mahfooz et al. 2012) . Similar study conducted by Arif et al. (2015) resulted in 43% genetic diversity within Indian isolates. This suggests that the Indian isolates are genetically more diverse because they were collected from different geographical regions of India. The dendrogram constructed based on the similarity index resulted in two main clusters ( Fig. 2A and B) . The first main cluster A had three subclusters: the first subcluster A1 contained 10 isolates exclusively from Fo. The second subcluster A2 grouped the same number of isolates from Fs. The third subcluster A3 comprised remaining two isolates from Fo which were not able to group in subcluster A1.
To our knowledge, this is the first study where motif based comparison was performed in any organism and also the first attempt to develop SSR markers from the coding regions of Fs. The motif-based comparison will certainly help to study the evolution of SSRs in genus Fusarium and also lead to the identification of unique motifs for the development of species-specific markers. Furthermore, the study clearly demonstrated the utility of newly developed markers in analyzing genetic diversity within Fusarium isolates. The developed markers can be further utilized in studying diversity/genetic relatedness in other species of Fusarium because the markers developed from genic SSR are more likely to be transferable in other species as well.
